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Recent  electron-  and  photon-stimulated  desorption  (ESD/PSD)  data  for  H  20  in  the  condensed  phase  and  chemisorbed  on 
GaAs(110)  and  Ti(OOl)  an  interpreted  utilizing  previously  published  photoemission,  electron  coincidence  and  Auger  dau 
along  with  theoretical  calculations.  Comparison  with  fragmentation  dau  from  the  gas  phase  indicates  that  only  two  bole-one 
electron  type  states  are  effective  for  desorption  in  condensed  or  molecularlv  chemisorbed  hydrogen  bonded  water.  The  Ibf 1 
excitation,  which  effectively  dissociates  H,0  gas  via  predissodation.  is  ineffective  in  the  condensed  phase  because  of  the 
presence  of  inicrmolecular  decay  mechanisms  which  compete  with  the  predissodation  process.  Hydrogen  bonding  reduces  the 
effectiveness  of  tbl  “2a  j excitation  for  H*  desorption.  The  lb*  24»,  and  lb,~ '3a," '4a,  two  bole-one  electron  slates  are 
sufficiently  long  lived:  occupation  of  the  strongly  antibonding  4a ,  orbital  also  makes  them  repulsive.  These  properties  make  the 
two  bole-one  electron  stales  the  most  persistent  for  H*  desorption  from  the  H  ,0  phases  studied.  The  core  level  PSD  spectrum 
from  solid  D20  is  alto  interpreted.  All  of  the  results  are  found  to  be  comparable  to  previous^zeponed  results  for  CO. 


1.  Introduction 

Recent  comparative  investigations  of  dissocia¬ 
tion  processes  in  gas  phase,  condensed  (solid)  and 
chemisorbed  CO  [i.e.  CO(g),  CO(s)  and  CO/ 
Ru(OOl)  or  C0/Ni(100)]  revealed  severa]  mecha¬ 
nisms  are  responsible  for  dissociation  of  CO  [1J. 
Major  differences  in  the  ion  yield  spectra  were  also 
revealed.  These  differences  were  attributed  to  ad- 
sorbate-sustrate  and  adsorbate-adsorbate  interac¬ 
tions  providing  for  additional  alternative  decay 
mechansims  of  the  excited  states  which  initiate  the 
dissociation  or  desorption  (2).  Identification  of  the 
excited  states  responsible  for  dissociation  indicates 
they  possess  widely  different  electronic  character 
and  hence  arise  from  widely  different  excitation 
mechanisms  (3).  To  further  understand  these 
mechanisms,  and  the  role  of  covalent  interactions 
on  these  mechanisms,  further  investigations  are 
needed. 
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In  this  work,  details  of  a  similar  comparative 
investigation  of  dissociation  processes  in  gas  phase, 
condensed  and  chemisorbed  H20  are  reported. 
This  investigation  is  made  possible  by  recent  re¬ 
ports  of  PSD  data  for  HjO(s)  [4.5 j.  H;0/ 
GaAs(110)  [6),  and  H:0/Ti(001)  [7).  Recent  pbo- 
todissodation  dau  [8,9].  electron-electron  and 
electron-ion  coincidence  dau  |(e,  2e)  and  (e.  e  ■+ 
ion)]  [10].  and  theoretical  interpreutions  of  photo- 
emission  dau  for  HzO(g)  [11]  also  make  this  de¬ 
tailed  comparison  possible  at  this  time.  Results  of 
this  comparison  are  given  in  section  3  and  dis¬ 
cussed  in  section  4.  Comparison  of  the  results  with 
those  found  for  CO.  and  conclusions  from  these 
investigations,  are  given  in  section  5.  To  assist  in 
the  PSD  dau  analysis,  a  detailed  investigation  of 
the  valence-orbital  structure  in  the  H;0  systems 
involved  is  presented  in  section  2. 

A  general  review  of  electron-  and  photon- 
stimulated  desorption  processes  in  molecular  and 
ionic  systems,  and  for  chemisorbed  systems,  has 
recently  been  published  [12).  4n-«ovaleni  -systems, 
at  least  three  mechanisms  have  been  identified 
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[+&].  In  covalent  systems,  at  least  three  mecha¬ 
nisms  have  been  identified  [3].  They  can  be  cate¬ 
gorized  by  the  character  of  the  excitation  initiating 
the  desorpuon  or  dissociation.  A  one-electron 
Franck -Con don  excitation  resulting  in  a  one-hole 
or  one  hole-one  electron  excited  state  (lb  or  lhle 
state)  initiates  desorption  if  the  excited  state  is 
sufficiently  repulsive  and  long  lived.  This  is  known 
as  the  Menzel-Gomer-Jledhead  model  [13].  In 
ionic  systems,  the  Knotek-Feibelman  model  indi¬ 
cates  a  core-hole  Auger  decay  creates  a  two  hole 
(2h)  state  which  initiates  desorption  via  the  rever¬ 
sal  of  the  Madelung  potential  [14].  In  extended 
covalent  systems,  the  2h  state  is  sufficiently  long 
lived  only  if  the  effective  bole-bole  repulsion,  U', 
is  greater  than  the  corresponding  covalent  interac¬ 
tion,  V  (i.e.  U*>  V)  [15).  In  isolated  small  mole¬ 
cules.  the  2h  state  frequently  initiates  a  Coulomb 
explosion  [16].  Finally,  two  hole-one  electron 
(2hle)  states  may  also  initiate  desorption  or  dis¬ 
sociation  [1],  Within  the  sudden  approximation 
and  configuration  interaction  (Cl)  theory  [11,1] 
these  states  derive  their' excitation  probability  by 
configuration  mixing  with  lh  ionic  stales  nearly 
degenerate  in  energy  .  For  CO/Ru,  the  2hle  states 
are  the  most  important  -for  O*  and  CO*  desorp¬ 
tion  [1].  In  this  work,  the  dissociation  processes  in 
the  various  H.O  phases  studied  will  be  examined 
with  a  view  toward  identifying  the  specific  ionic 
states  initiating  the  dissociation,  and  hence  toward 
determining  which  models  are  active  in  each  phase. 


2.  H  20  valence  electronic  structure 
2.1.  Occupied  orbitals 

The  valence  electronic  structure  pof  H20(g)  has 
been  well  studied  both  theoretically  and  experi¬ 
mentally.  The  one-electron  orbitals,  labeled 
according  to  C2v  symmetry,  are  schematically  indi¬ 
cated  in  fig.  1 .  Orbital  energies  can  be  determined 
from  the  X-ray  and  ultraviolet  photoemission  (XPS 
and  UPS)  data  in  fig.  2  [17-20].  In  the  deep 
valence  region,  the  2a,  orbital  is  largely  of  0(2s) 
parentage  (74%).  and  consequently  is  often  char¬ 
acterized  as  a  “core"  orbital  [17],  However,  energy 
considerations  reveal  the  2a,  orbital  contributes 


Fig.  1.  Retulu  of  tcmi-empericaJ  LCAO  MO  calculations  sum¬ 
marizing  the  molecular-orbital  energy  levels  for  the  various 
HjO  structures  indicated  [29).  MO  binding  energies  art  given 
relative  to  the  vacuum.  The  HsO  orbitals  are  indicated  sche¬ 
matically  and  labeled  in  the  C,v  point  group.  The  4a,  and  2bj 
orbital  energies  are  obtained  from  experiment  (49). 

about  20%  to  the  total  H-0  bond  energy  [20).  The 
lbj  orbital  contributes  most  of  the  remaining  bond 
energy  and  is  characterized  as  a  bonding  orbital. 
The  3a,  and  lb,  orbitals  may  be  characterized  as 
oxygen  lone-pair  orbitals.  Unoccupied  or  virtual 
orbitals  include  a  weakly  aniibondmg  2b-  orbital 
and  strongly  antibonding  4a,  orbital. 

The  valence  electronic  structure  of  condensed 
or  solid  HjO  (ice)  has  also  been  well  characterized 
[17,18,21-25].  Recently,  the  many  experimental 
and  theoretical  papers  have  been  analyzed  and 
condensed  to  give  the  overview  presented  in  fig.  3. 
Hexagonal  ice  is  obtained  for  temperatures  above 
173  K;  below  153  K  cubic  id  is  formed.  Con¬ 
densation  of  water  vapor  kept  below  123  K  leads 
to  amorphous  ice  [23],  The  effect  of  these  different 
crystalline  forms  on  the  XPS.  UK  and  UV 
absorption  spectra  appears  to  be  nearly  negligible, 
indeed  even  the  differences  between  H-0(g)  and 
HzO(s)  are  relatively  small.  Small  shifts  in  the 
ionization  potentials  (IP(gas)  -  IP(solid)  *  1  eV) 
have  been  indicated  [18],  These  have  been  attri¬ 
buted  largely  to  relaxation  or  polarization  energy 


F»g.  2  CompansoD  of  phoiocmissoo  spectra  from  (HjO^/Ti 
[7],  (H-O^./GaAi  [^UHjOj./Pi  [28}.H;0(«)  ai  Ar-50 
eV  [7j  ana  MgKo  [17]  and  HjO(g)  at  hr  -132  eV  [20]  and 
MgKa  [17]  The  binding-energy  scale  is  relative  to  the  vacuum 
for  H:Ov£).  the  remaining  spectra  (except  for  OH/T1)  have 
been  shifted  slightly  for  alignment  of  the  1^  peals.  The  lines 
under  the  2a ,  peak  in  part  (d)  indicate  the  intensities  of  the 
various  satellite  contributions  as  determined  from  the  Cl  calcu¬ 
lation?  of  Arneberg  et  ai  [11].  The  numbers  on  these  lines 
correspond  to  those  in  uble  1,  not  those  in  ref.  [1 1]. 


differences  between  the  vapor  and  ice  phases,  since 
hydrogen  bonding  is  expected  to  shift  some  of  the 
levels  in  the  opposite  direction  [)8J.  The  most 
important  difference  between  the  vapor  and  ice 
spectra  evident  in  fig.  2  is  the  large  broadening  of 
the  3a ,  orbital  due  to  hydrogen  bonding.  The  large 
width  of  the  2a,  peak  in  both  the  gas-  and  solid- 
phase  spectra  of  fig.  2  reflects  the  Franck-Condon 
envelope  and  the  addition  of  satellites  also  of  large 
width  to  this  peak.  Fig.  3  indicates  however  that 


Fit-  3.  Expen*  *ni.  Electros  energy  levels  of  bulk  ice  v  de¬ 
duced  by  Rosenberg  et  el  |4).  from  experiments  reported  it  the 
literature.  Theory.  Results  from  the  band-structure  calculations 
of  Parravicini  and  Resca  [24]  and  reported  is  ref.  |4) 


all  three  of  the  a,  bands  are  broadened  in  H:0(s) 
from  hydrogen  bonding. 

The  large  broadening  of  the  a,  orbitals,  and 
apparent  lack  of  similar  broadening  of  the  b,  and 
b2  orbitals,  is  of  general  interest,  but  it  is 
paramount  to  an  understanding  of  the  PSD  H~ 
yield  to  be  discussed  in  section  3.  Ab  initio  calcu¬ 
lations  on  HjO  dimers  indicate  the  a,  orbitals 
facilitate  electron  motion  “longitudinal”  or  paral¬ 
lel  to  the  0-0  or  H  bond  axis,  where  as  the 
non-a,  orbitals  allow  electron  motion  only  in  a 
direction  perpendicular  or  “transverse”  to  the  H- 
bond  axis  [26.27].  In  the  context  of  MO  theory,  the 
matrix  elements  coupling  pairs  of  a,  orbitals  are 
larger  than  for  pairs  of  non-a,  orbitals.  Thus  even 
in  linear  H:0  dimers,  the  bonding  and  antibond¬ 
ing  aj-orbital  combinations  show  a  large  energy 
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separation  (2-5  eV)  (27],  In  band  calculations  (24], 
this  broadening  is  referred  to  as  “Davydov  split¬ 
ting”  from  interaction  between  two  molecules  of 
different  orientation  in  the  unit  cell,  but  its  source 
is  the  same. 

The  chemisorption  of  H20  on  many  metals  has 
■Mwte-has  little  effect  on  the  H.O  UPS  spectrum 
[28],  indeed  the  differences  in  the  UPS  peak 
energies  between  H-O/Pt  and  H20(g)  are  less 
than  between  H:0{s)  and  H20(g)  (fig.  2).  This 
indicates  along  with  other  data  [29-39]  that  the 
water  is  molecularly  chemisorbed,  the  bonding  to 
the  surface  occurring  through  the  oxygen  atom. 
Semi  empirical  LCaO  MO  calculations  indicate  the 
bonding  occurs  through  the  O  lone-p^ij)  orbitals 
(fig.  1)  [29.30].  The  theoretical  results  in  fig.  1 
predict  a  larger  shift  than  the  UPS  spectrum  indi¬ 
cates  however.  The  broadening  of  the  a,  UPS 
bands  for  H20/Pt  indicates  hydrogen  bonding 
also  occurs  on  the  siirface.  Recent  studies  for  H20 
on  Ru(001)  [31,32];  W(100),  Pt(100)  [33],  Pt(lll) 
[34],  Cu(100)  [35]  and  Rh(lll)  [36]  all  indicate 
molecularichemisorption  to  the  metal  through  the 
O  atom,  but  with  island  formation  also  occurring 
as  a  result  of  hydrogen  bonding. 

Specific  models  for  the  structure  of  H20  clus¬ 
ters  adsorbed  in  vacuum  on  metal  surfaces,  as  well 
as  for  bulk  ice,  have  been  proposed;  some  are 
more  convincing  than  others.  Comprehensive  stud¬ 
ies  cf  H2O/Ru(001)  utilizing  UPS,  electron- stim¬ 
ulated  desorption  ion  angular  distributions 
(ESDIAD),  low-energy  electron  diffraction 
(LEED).  thermal  desorption  mas?  spectroscopy 
(TDMS).  electron  energy  loss  spectroscopy  (EELS), 
angle  resolved  EELS,  and  Auger  electron  spectros¬ 
copy  (AES)  reveal  the  formation  of  a  bilayer  of 
hydrogen  bonded  H:0  [37,38],  The  model  con¬ 
sistent  with  the  data  indicates  the  first  layer  con¬ 
sists  of  H20  molecules  bonded  to  the  surface  via 
the  O  atom,  with  H  atoms  pointed  symmetrically 
away  from  the  surface.  The  second  layer  has  each 
O  atom  hydrogen  bonded  to  a  hydrogen  atom  in 
the  first  layer,  and  one  H  atom  of  each  H20  in  the 
second  layer  H-bonded  to  an  O  atom  in  the  first 
layer.  This  leaves  the  remaining  H  atom  pointed 
outward  almost  perpendicular  to  the  surface 
[37.38).  A  rather  different  structure  has  been  pro¬ 
posed  for  H;O/Pt(100),  namely  a  cyclohexane-like 


structure  with  many  of  the  first  layer  molecules 
hydrogen  bonded  to  the  Pt  surface  [33).  At  loti 
coverage,  most  of  the  H20  in  the  bexamer  form 
Pt-0  bonds,  but  these  bonds  break  as  the  cover¬ 
age  increases.  These  structures  can  be  compared  to 
the  surface  structure  of  ice.  In  amorphous  ice.  six 
types  of  sites  are  distributed  over  the  surface,  three 
with  the  hydrogens  pointed  out.  three  with  the 
hydrogens  in  (4).  However,  the  hydrogen  out-  sites 
seem  to  be  thermodynamically  favored,  and  in  any 
event  the  ESD  avtive  sites  are  apparently  only 
those  with  the  H  atoms  pointed  out  [431).  In 
epitaxially  grown  ice  multilayers,  a  similar  surface 
structure  has  bee.  proposed  (i.e.  half  of  the  mole¬ 
cules  have  the  H  atoms  pointed  outward)  [37]. 
How  dependent  the  ESD/PSD  H  “-ion  yields  (i.e. 
the  desorption  mechanism)  might  be  on  the  surface 
structure  is  not  yet  clear.  An  important  conclusion 
of  this  work  is  that  the  ion  yields  are  at  least 
dependent  on  the  existence  of  hydrogen  bonding 
on  the  surface,  and  hence  probably  also  on  the 
structure.  The  ion  angular  distributions  (ESDIAD) 
are  known  to  be  dependent  on  surface  structure, 
this  technique  has  been  used  to  study  the  surface 
structure  of  H20  on  clean  Ni(l  1 1)  [39]  and  Ru(001) 
[31,38],  and  for  H20  coadsorbed  with  O  on  Ni(l  1 1) 
[39]  and  Ru(001)  [38]. 

UPS  data  for  H20  chemisorbed  on  a  semicon¬ 
ductor  such  as  GaAs(l  10)  [40]  (fig.  2)  indicate  the 
HjO  is  molecularly  chemisorbed  through  the  O 
atom  also  in  this  case.  The  bonding  through  the 
lone-pair  orbitals  is  clearly  indicated  in  this  system 
by  the  negative  shift  of  the  lb,  UPS  peak  by  *  1.0 
eV.  On  other  semiconductor  surfaces  such  as 
Si(100)  and  Si(lll),  the  UPS  data  suggest  that  at 
room  temperature  H-0  molecularly  chemisorbs 
here  also;  however,  EELS  data  clearly  indicate 
that  H20  dissociates  to  give  Si-H  and  Si-OH 
bonds  at  this  temperature  [41],  This  difference 
between  the  Si  and  GaAs  system  suggests  a  com¬ 
parison  of  the  H*  PSD  spectra  would  be  most 
revealing,  unfortunately  the  author  is  not  aware  of 
any  PSD  data  for  H  20/Si  in  this  spectral  range. 

In  contrast  to  the  metals  and  semiconductors 
discussed  above,  H-0  dissociates  to  form  H(ads) 
and  OH(ads)  on  Ti(001)  even  at  90  K  (7).  This  is 
evident  from  the  very  different  UPS  spectrum 
shown  in  fig.  2.  The  lb,  and  3a,  H20  orbitals  are 
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dow  merged  imo  a  It  OH  orbital  and  all  of  the 
valence  orbitals  are  shifted  up  in  energy  This 
energy  shift  is  believed  to  arise  from  a  relaxation 
energy  difference:  i.e.,  the  OH-M  interaction  is 
much  stronger  than  the  H:0-M  interaction.  Some 
intensity  under  the  “It”  peak  at  10  eV  bonding 
energy  is  believed  to  originate  from  atomic  oxygen 
on  the  surface  (i.e.  coming  from  completely  disso¬ 
ciated  H:0).  but  this  is  not  expected  to  apprecia¬ 
bly  alter  the  PSD  H*  ion  yield.  The  presence  of 
O.  OH  and  H  on  the  surface  indicates  the  H20 
exposed  surface  might  best  be  referred  to  as 
(H-O^/Ti  (where  ‘d’  refers  to  dissociated)  rather 
than  OH/Ti.  This  (HjO^Ti  notation  is  used 
throughout  this  paper.  For  molecular!)  chemi¬ 
sorbed  systems,  (H:0)tt  is  used  (where  m  refers  to 

molecular).  _ _ 

Fig.  1  shows  the  results  of  theoretical  calcula¬ 
tions  for  OH  +  H  on  Fe(100).  where  the  H20  is 
also  known  to  dissociative))  chemisorb  [42],  These 
calculations  indicate  Fe  is  more  reactive  than  Pt 
toward  H-O  because  the  Fe  orbitals  are  more 


diffuse,  and  because  the  Fe  s— d  band  lies  further 
away  from  the  H-O  energy  levels  causing  the 
HjO-Fe  untibonding  orbitals  to  be  emptied  [29). 
This  is  also  expected  to  be  true  for  Ti.  The  small- 
cluster  calculations  of  fig.  1  do  not  show  the  larger 
relaxation  energy  which  decreases  the  binding  en¬ 
ergy  of  the  It  and  3c  orbitals.  Finally,  note  that 
the  2bj  orbital  becomes  the  Fe— H  bond  orbital 
which  is  predicted  to  be  between  the  It  and  3c 
orbitals  [29).  A  slight  shoulder  appears  in  the  UPS 
spectrum  just  below  the  It  peat,  but  its  source 
cannot  be  definitely  determined. 

In  section  1,  the  importance  of  the  2hle  states 
to  the  dissociation  process  was  briefly  discussed 
These  states  may  produce  satellites  in  XPS  or  UPS 
spectra;  they  derive  their  intensity  from  correla¬ 
tion  mixing  with  Ih  stales  of  approximately  the 
same  energy  [43,46).  In  H20(g),  these  satellites 
introduce  a  weak  structure  between  25  and  30  eV 
binding  energy,  and  also  cause  an  asymmetric 
lineshape  for  the  2a  7 1  peak  [11]  (fig.  2d).  Reported 
(e,  2e)  measurements,  which  simulant  the  photo- 


Table  1 

H:0  UPS  satellite  results  (£b  is  the  binding  energy  relauve  to  vacuum;  1  u  the  percent  intensity  ofi2a"'  peak) 


:A,  slates  £b// 

(dominant  configuration)  ,  ,  ,  ~  T 
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emission  process,  also  show  the  structure  around 
25-30  eV  [44],  In  these  (e.  2e)  data,  a  clear  shoulder 
appears  below  the  main  2a  7'  peak.  Fig.  2  indi¬ 
cates  the  major  2hle  satellites  as  determined  from 
an  SCF  Cl  calculation  utilizing  1700  configura¬ 
tions  appropriate  to  the  H20*  ionic  state,  and  the 
sudden  approximation  [11].  The  identities  of  the 
major  numbered  satellites  are  given  in  table  1 
along  with  the  results  of  other  calculations  [45—49]. 
Four  other  calculations  have  been  indicated  in  the 
literature  utilizing  one-particle  Green’s  functions 
[46].  the  2pfc  Tamm-Dancoff  [48]  approximation, 
and  LCAO  MO  SCF  calculations  [49].  as  indiated 
m  table  1.  ** 

It  must  be  noted  that  the  states  are  identified 
by  the  dominant  2hle  configuration  contributing 
to  a  manv-electron  Cl-type  wavefunction.  Within 
the  sudden  approximation,  the  relative  intensities 
are  determined  by  the  amount  of  mixing  with  the 
2a  ~ 1  state  [11].  The  fesulis  are  basis-set  dependent 
as  well  as  method  dependent.  In  spite  of  this,  the 
results  are  reasonably  similar  for  the  major  satel¬ 
lites. 

Most  important,  from  the  viewpoint  of  interpre¬ 
ting  the  PSD  spectra,  is  the  existence  of  just  one 
major  satellite  of  A,  symmetry  above  the  “2a 7’" 
peak.  This  is  probably  the  source  of  the  satellite 
structure  in  the  UPS  spectrum  around  25-30  eV. 
A  satellite  of  B,  symmetry  (but  with  an  intensity 
too  small  to  be  observed  in  UPS)  is  also  expected 
in  this  region  as  indicated  by  the  theoretical  results 
of  Leclerc  et  al  [49].  The  “2a7'”  peak  consists  of 
many  2hle  states,  the  most  important  being  the 
3a~:4a,  state  around  32  eV,  and  several  minor 
ones  above  34  eV.  Throughout  the  remainder  of 
this  work,  all  of  the  states  above  32  eV  will  be 
referred  to  collectively  as  the  “2a7'”  spectro¬ 
scopic  sure.  The  Ib7,3a7'4a)1  lb7J4a,.  and 
“2a  7  1  ”  states  will  be  considered  further  in  section 
3.  The  existence  of  intensity  between  25  and  30 
eV.  and  the  asymmetry  of  the  “2a  7 '  ”  lineshape  in 
me  UPS  spectrum  for  H-O(s)  and  H;0/Pt  (fig.  2). 
indicates  these  same  2hle  satellites  exist  in  these 
systems. 

2.2.  Virtual  orbtials 

Since  many  of  the  2hle  states  mentioned  above 
involve  the  4a .  virtual  orbital,  and  since  many  of 


these  2hle  states  will  be  shown  to  be  important  in 
H30  dissociation,  the  character  of  the  4a,  orbital 
needs  to  be  examined  carefully.  Outer  valence 
orbital  (lb3,  3a,.  lb,)  and  K  level  pbotoabsorp- 
tion  data  [50],  partial-channel  photoionization  data 
[50.51],  and  electron  impact  data  [52.53]  (the  latter 
two  involving  all  the  valence  levels  and  the  O  K 
level)  have  been  reported.  The  O  K  level  electron - 
impact  spectrum  is  shown  in  fig.  4d  [53],  .These 
data  consistently  show  an  initial  broad  intense 
peak  (peak  1  in  fig.  4d)  followed  by  narrower 
peaks  (peaks  2—4  in  fig.  4d).  Theoretical  calcula¬ 
tions  attribute  this  initial  peak  to  excitation  into  a 
state  with  mixed  character;  i.e.  a  3s  Rydberg  orbital 
mixed  with  the  4a,  antibonding  virtual  orbital 

[49] .  Calculations  also  show  an  interesting  change 
in  the  character  of  this  state  with  the  O-H  bond 
length.  At  small  O-H  bond  lengths  this  state  is 
largely  0(3s)-like,  while  at  large  separations  it  is 
primarily  4a  ,-like  [49,54].  Nevertheless,  the  large 
Franck-Condon  envelope  of  peak  1  suggests  that, 
at  the  equilibrium  bond  length,  this  orbital  is 
rather  strongly  antibonding.  Perhaps  most  con¬ 
vincing  of  its  antibonding  character,  it  is  known 
that  the  resonant  excitations,  lb7 1  -*  (3s,  4a,), 
3a7*  -*  (3s,  4a,)  and  lb3~’  (3s,  4a,),  all  result  in 
dissociation  of  the  H.O  molecule  to  produce  the 
OH  and  H  radical  fragments  [50],  This  is  true  even 
though  ionization  from  the  lb 7’  or  3a 7'  orbitals 
does  not  result  in  dissociation  (to  be  shown  in  next 
section).  Thus  occupation  of  the  (3s.  4a,)  orbital  is 
critical  to  the  resonant  dissociation  process,  and 
clearly  it  is  strongly  antibonding.  Throughout  the 
remainder  of  this  paper,  this  orbital  will  simply  be 
referred  to  as  the  4a,  orbital,  w  all  the  H.O 
molecule  systems  studied 

The  next  higher  peak  (peak  2)  in  fig  4d  results 
from  the  la,  -*  (np,  2bj)  excitation  [50.53]  Again 
the  upper  state  is  a  mixed  orbital,  co- tawing  both 
Rydberg  and  2b;  valence  antibondwg  character 

[50] .  In  ah  three  cases  where  tins  excitation  peak  is 
visible  (i.e.  from  the  3a,.  Ibj.  and  la ,  miuaJ  states), 
it  is  much  narrower  than  the  4a ,  peak,  suggesung 
a  smaller  virtual-orbital  contribuuon.  No  evidence 
for  resonant  H.O  dissociation  into  radical  frag¬ 
ments  is  observed  from  this  state,  supporting  this 
conclusion  [50).  Finally,  evidence  does  exist,  both 
theoretically  and  experimentally,  that  the  2b; 
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Fig.  4.  (*)  Companion  of  the  PSD  D*  yield  and  total  electron 
yield  for  tolid  D;0  as  reported  in  ref.  [4],  (b)  Companion  of 
the  XPS  spectrum  for  solid  (solid  line  from  ref.  ]46J,  dashed 
line  from  ref.  [47])  and  gas-phase  [11]  H30.  The  spectra  have 
been  shifted  so  that  the  principal  peak  is  in  registry  with  the  0 
K  level  in  H:0(g)  relative  u>  the  vacuum  as  indicated  in  pan  d 
below  The  numbered  lines  correspond  to  thakeup  satellites  as 
determined  from  the  Cl  calculations  of  Ameberg  et  iL  [11]. 
The  numbers  correspond  to  those  in  ref.  [11]  and  those  in  table 
2.  (ci  The  electron  loss  spectrum  for  HF  gas  as  reported  m  ref. 
(55).  Tne  spectrum  has  been  shifted  in  energy  to  that  the  F  K 
level  is  in  registry  with  the  0  K  level  of  HjOtg)  as  given  in  part 
(di  below  (di  The  electron  loss  spectrum  for  H-0  gas  as 
reported  in  ref  (53).  The  0  K  level  relative  to  vacuum  is 
indicated  The  numbered  loss  peaks  are  discussed  in  the  text. 


orbital  also  mixes  with  the  Kb-  continuum  produc¬ 
ing  a  shape  resonance  just  above  the  threshold 
[50].  The  broad  weak  maximum  above  the 


threshold  in  fig.  4d  may  be  due  to  this  weak 
mixing. 

Peaks  3  and  4  in  fig.  4 d  have  been  attributed  to 
Rydberg  excitations.  Peak  3  has  been  assigned  to 
the  la,  -*  3p  excitation,  peak  4  to  the  la,  -*4s.  p 
excitations  [50,53). 

it  has  already  been  mentioned  in  reference  to 
fig.  1,  that  the  2b-  orbital  drops  out  of  the  H-0 
molecule  and  ends  up  on  the  separated  hydrogen 
atom  upon  dissociation  of  H-0  to  OH  and  H  [29], 
This  can  be  seen  experimentally  by  comparing  the 
ELS  spectrum  of  HF(g)  [55]  in  fig.  4c  with  the 
H-0(g)  spectrum  in  fig.  4d.  The  HF  molecule  is 
electronically  equivalent  to  OH”,  and  thus  it  is 
expected  to  be  similar  to  OH  on  the  surface  of  Fe 
or  TL  (e,  2e)  [56]  and  UPS  [57]  data,  and  theoreti¬ 
cal  calculations  interpreting  the  satellite  structure 
for  HF  [58],  all  indicate  it  is  similar  to  OH”.  In 
any  event,  the  ELS  spectrum  is  not  available  for 
the  OH  radical.  In  the  HF  spectrum,  the  absence 
of  peak  2,  which  was  attributed  to  the  la,  -*■  2b- 
exdtation  in  H20,  is  striking  The  broad  weak 
maximum  above  the  ionization  threshold  in  H-0 
is  also  missing  in  HF,  supporting  the  suggestion 
above  that  the  maximum  in  H-0  arises  from  2b- 
mixing  with  the  continuum.  In  HF,  peak  1  arises 
from  the  lo  -*  4c  excitation,  where  the  4tr  orbital 
corresponds  to  the  4a,  in  H20  (see  fig.  1). 

It  seems  clear  that  the  4a,  and  2b.  virtual 
antibonding  orbitals  exist  primarily  below  the 
ionization  thresholds.  The  partial  channel  photo¬ 
ionization  cross  sections  are  consequently  free  from 
shape  resonances,  except  for  the  very  weak  2b- 
resonancc  mentioned  above.  This  is  in  marked 
constrast  to  the  situation  in  CO  where  the  com¬ 
parable  6o  antibondmg  orbital  produced  large 
shape  resonances  in  the  ionization  cross  sections. 
With  the  6c  orbital  above  the  ionization  threshold, 
the  relatively  fast  6o  -*  ko  resonant  decay  is  an 
important  alternative  decay  mechanism  which 
aborts  the  dissociation  process  [1].  This  complica¬ 
tion  yet  interesting  process  cannot  occur  in  H;0: 
however,  other  complicating  factors  such  as  hydro¬ 
gen  bonding  occur  in  H;0  which  did  not  enter  in 
CO. 
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3.  Comparison  of  dissociation  and  desorption  yields 
S.J.  Core-level  excitation 

Molecular  dissociation  as  a  result  of  core-level 
excitation  most  certainly  involves  the  Auger  pro¬ 
cess.  This  is  true  because  even  the  resonant  1  a  7  ‘4a , 
state  (which  might  be  expected  to  result  in  dissoci¬ 
ation  because  of  occupation  of  the  4a,  antibond¬ 
ing  orbital)  will  undergo  a  fast  (1014  s  “’)  Auger 
decay  before  the  desorption  gets  underway.  Thus 
to  understand  core-level  molecular  dissociation, 
one  must  understand  the  Auger  process. 

The  0  KW  Auger  hneshape  for  H20(g)  is  well 
known  [59].  Several  theoreucal  calculations  exist 
providing  a  detailed  interpretation  of  the  spectrum 
[60-63].  It  is  sufficient  here  to  note  that  just  485 
of  the  total  Auger  intensity  results  from  n~ 2  hole 
configurations  (i.e.  with  both  holes  in  the  non¬ 
bonding  orbitals  lbf  or  3a,).  The  remaining  529c 
results  from  one  or  .two  holes  in  a  bonding  orbital 
(i.e.  b~  'n~ 1  or  h-2,  where  b  —  lb2  or  2a,)  [61]. 

The  Qi  KW  Auger  *Lineshape  for  H20(s)  is 
very  similar  to  that  for  H-O(g),  except  for  an 
additional  large  peak  at  higher  energy  [64],  This 
peak  has  been  attributed  to  a  possible  splitting  off 
of  electron  density  to  higher  energies  as  a  result  of 
hydrogen  bonding,  but  the  UPS  spectrum  in  fig.  2 
does  not  show  such  an  effect.  More  likely,  this 
high  energy  peak  results  from  delocalization  of  the 
two  boles.  It  occurs  as  a  consequence  of  the  hydro¬ 
gen  bonding  and  the  broadening  of  the  3a,  band 
which  was  indicated  in  figs.  2  arffl  3.  A  rough 
estimate  of  the  extent  of  delocalization  of  the  n~ 2 
boles  can  be  obtained  from  the  relative  magni¬ 
tudes  of  the  bole-hole  repulsion  £/„  —  Uu  in  the 
lone-pair  orbitals  (the  lb,  and  3a,).  and  the  lone- 
pair  band  width  V  [65].  l/„  can  be  estimated  from 
the  3a:,  Auger  peak  energy.  £KJij  (i.e.  U( 3a2)  -  £Ui 
-2£K3l:)  in  H;0(g),  giving  a  value  around  14-15 
eV  [66.67],  This  is  consistent  with  the  value  used 
previously  for  oxygen  lone-pair  orbitals  [65].  Uu  is 
around  i  eV  as  determined  previously  for  O  lone- 
pair  orbitals  separated  by  2.5  A  (the  0-0  distance 
in  H;0(s)  is  2.75  A)  [65].  V  can  be  estimated  from 
the  width  of  the  lone-pair  peak  in  the  H20(s)  UPS 
spectrum  which  is  =4-5  eV.  Utilizing  calcula¬ 
tions  reported  previously  for  delocalization  of  O 


lone-pair  orbitals,  these  L’,,.  U,:,  and  V  parame¬ 
ters  indicate  a  delocalized  contribution  of  around 
105  [65].  It  is  difficult  to  estimate  quantitatively 
the  amount  of  delocalized  contribution  from  the 
Auger  linesbape.  since  the  local  and  delocalized 
contributions  are  not  completely  resolved,  but  i: 
appears  to  be  significantly  larger  than  105.  This 
may  arise  because  of  possible  intermolecular  charge 
transfer  to  screen  the  valence  holes  in  H-O(s). 
which  effectively  reduced  £/,,  [68],  This  was  not 
included  in  the  above  analysis,  since  Uu  was  ob¬ 
tained  from  the  H:0(g)  spectrum.  In  any  event,  it 
appears  that  in  H.O(s)  the  lone-pair  holes  can 
delocalize,  thereby  aborting  the  '  uomb  epxlo- 
sion  or  dissociation  of  the  H-C  Oiecule.  It  is 
unlikely  that  b~  !n~ 1  or  b~‘  ho  onfigurations 
undergo  much  delocalization,  sine  ,,  is  larger  in 
the  2a,  orbital  and  the  lb2  bar  idth  is  very 
narrow. 

Fig.  4a  compares  the  PSD  D~  -  mom  D20 
with  the  total  photoelectron  yield  (TPY)  spectrum 
[5].  The  corresponding  data  for  H20  are  not  avail¬ 
able  but  it  is  assumed  the  D20  spectra  are  identi¬ 
cal  in  almost  every  detail.  Before  attempting  to 
understand  differences  between  the  PSD  and  TPY 
spectra,  the  source  of  differences  between  the  TPY 
and  the  la,  constant  initial  state  (CIS)  photoelec¬ 
tron  yield  (e.g.  similar  to  fig.  4d)  must  be  under¬ 
stood.  The  TPY  spectrum  includes  electrons  at  all 
energies  for  particular  photon  energy,  while  the 
la,  CIS  pbotoelectron  yield  includes  only  those 
electrons  with  kinetic  energy  £K  —  hv  —  £,  . 
Therefore,  the  TPY  spectrum  includes  not  only 
those  electrons  from  the  la7 1  one-electron  excita¬ 
tion  but  also  from  shakeup  processes  (and  perhaps 
also  from  valence  excitation  and  Auger  processes). 
The  XPS  spectra  for  H20(s)  [46.47]  and  H20(g) 
[11]  in  fig.  4b  reveal  the  shakeup  features  which 
enter  above  550  eV.  The  principal  XPS  peak  has 
been  aligned  with  the  1  a 7 1  ionization  threshold.  It 
seems  clear  that  the  broad  maximum  which  ap¬ 
pears  in  the  TPY  spectra  around  558  eV  arises 
from  shakeup.  and  not  from  the  weak  2b:  reso¬ 
nance  visible  m  the  H:0(g)  ELS  spectrum.  Peaks  1 
through  4  in  the  H,0(g)  ELS  spectrum  merge  into 
one  broad  peak  in  the  TPY  spectrum.  This  results 
from  broadening  of  the  diffuse  virtual  orbitals  in 
the  solid  [5]. 
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Several  attempts  at  interpreting  the  XPS 
shakeup  spectrum,  utilizing  a  wide  variety  of  theo¬ 
retical  techniques,  have  been  reported  in  the  litera¬ 
ture  [!  1.69-72).  Table  2  summarizes  these  results. 
Although  the  results  are  not  in  quantitative  agree¬ 
ment  (for  reasons  similar  to  those  discussed  in 
reference  to  table  1),  they  consistently  inidcate  two 
pnman  shakeup  transitions  are  the  3a,  —  4a,  and 
lb,  — >  2b;  transitions.  These  both  involve  one  of 
the  virtual  antibonding  valence  orbitals.  The  re¬ 
maining  transitions  may  be  characterized  as 
shakeup  from  a  non-bonding  orbital  to  a  Rydberg 

orbital.  _ _ 

Table  3  gives  a  summary  of  the  possible  initial 
core  excitations,  based  on  the  conclusions  above. 
Possible  subsequent  Auger  bole  configurations  are 
also  indicated.  This  information  is  helpful  in  un¬ 
derstanding  the  differences  between  the  PSD  D* 
yield  and  the  TPY  spectrum.  In  table  3,  those 
Auger  final  states  expected  to  lead  to  dissociation 
in  H.O!s)  are  underlined.  These  determinations 
anticipate  some  conclusions  made  in  the  next  sec¬ 
tion.  as  well  as  one  indicated  above.  They  are:  (1) 
the  lh  slates  n~'  and  b"1  are  ineffective  for 
desorption  in  H-O(s)  because  they  have  insuffi¬ 
cient  lifetimes.  (2)  the  2h  states  b*'n_l  and  b~‘ 


produce  desorption  and  the  n-2  states  do  not  for 
reasons  indicated  above;  (3)  all  2hle  states  oc¬ 
cupying  the  virtual  and  strongly  antibonding  4a, 
orbital  dissociate;  those  occupying  a  Rydberg  or 
the  2bj  orbital  dissociate  only  if  one  of  the  holes 
occupies  a  bonding  orbital;  and  (4)  all  3h  and 
3hle  states  dissociate  because  of  the  large 
hole-hole  repulsion.  Table  3  includes  Auger  final 
states  in  which  the  shakeup  electron  acts- as  a 
spectator,  a  participant  in  the  Auger  process,  or  a 
participant  in  the  shakeoff-Auger  process.  It  is 
estimated  that  the  relative  probability  for  each 
process  decreases  in  the  order  listed.  The  percent 
Auger  intensity  for  n-2  or  b" ‘n- 1  •+  b~2  is  also 
given  as  determined  for  H20(g)  [61).  It  is  assumed 
this  relative  intensity  does  not  change  appreciably 
in  H20(s),  and  that  they  hold  whether  a  virtual 
orbital  is  occupied  or  not. 

An  important  result  from  table  3  is  that  the 
la7’4a,,  Ia7’3a714a,.  Ia7’lb^'2b2.  and 
la“'n“'R  core  states  have  a  greater  probability 
for  eventual  H,0  dissociation  than  do  the  la7’R 
or  la7  ]k!  states.  This  conclusion  is  based  on  the 
overall  number  of  underlined  Auger  final  states, 
and  in  particular,  on  those  in  which  the  shakeup 
electron  acts  as  i  spectator.  This  result  accounts 


Table  2 

H-O  XPS  satellite  results  (A£  is  the  energy  shift  in  eV  from  2a7’  peak:  1  ts  the  percent  intensity  of  2*7'  peak.  i.c.  2a7’  “  0/100) 
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0J 
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23.57 

22.46 

24.72 
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24.22 

3.33 
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6.4 
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24.54 
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22.93 
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1.66 

28.42 
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( 14 1  lb  —  4b, 

0— 

*  i  /tjneberg  et  ai.  jll).  SCF  Cl  sudden  approximation  (1700  ionic  configurations);  numbers  at  left  r-.fer  to  fig.  4b. 
*■  Mahip-er.  [69;.  equivalent  cores- unproved  vtnuai -orbital  technique 

*  ’  Svens sor.  et  ai.  pOj.  open  shell  SCF  and  internal  Cl  calculation. 

<l  Ceoerbium  et  ai  [71).  2pb-TDA  Greco's  function  with  boson  approximation  (assignments  above  are  mdefinue). 

*  Creoe:  e:  ai  ['2).  Xo-SV.'  calculations. 
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Table  3 


Su.-rLr-.a_'>  c.'  possible  initial  core  and  final  Auger  sulci  in  H30 


iruua.  state 

Final  stales  * 1 

■  excitation  energy,  es  7 

VO  spec.*" 

VO  pan.  “ 

VO  shakeoff*''  *  Auger*’ 

1*7  '*»! 

a-' 

O'5 

42 

(534.2) 

fc-’n'Ua, 

tr' 

] 

St 

b~s  4a, 

b-‘  J 

1*7'R 

n*JR 

D~‘ 

42 

(536-540: 

b~'n~'B 

b-' 

b~'n-' 

58 

l»7'i/ 

fc~aR 

d": 

42 

(539.9) 

b-'n~' 

58 

J 

1 »  7  lj5  ~  1 B  * 1 

n-tyi-'B 

B-'A*> 

r‘}A-' 

42 

(  >  550  eV) 

b~  '/>“  ~  'B 

b-'A 

b-'r-'A- 

1  ^ 

58 

b~3A  ~  'B 

b-'u-' 

- 

*'  n.  b.  end  R  represent  non-bonding,  bonding,  end  R vdberg  orbitals  respectively,  bence  n  “  (lb,  or  3», ).  b  -  (lb-  or  2a, ),  and 
R  -  anv  virtual  orbital  (VQ)  other  than  the  entibonding  4a,  valence  orbital.  Underlined  suits  are  expected  to  result  in  H30 
dissociation  in  ice. 

b '  Toe  initial  Slate  can  decay  via  three  different  processes:  (1 )  the  virtual -orbital  electron  can  remain  as  a  spectator  (VO  spec.).  (2)  the 
vtrtual-orbiial  electron  can  participate  in  the  Auger  process  (VO  pan.),  or  (3)  the  virtual-orbital  electron  can  suffer  shakeoff  along 
with  the  Auger  process  (VO  shakeoff).  They  are  believed  to  be  listed  in  the  order  of  importance.  Le..  (1)  >  (2)  >  (3). 
c '  Percent  of  the  total  Auger  intensity  attributed  by  the  indicated  process.  See  text  for  further  explanation. 

la7  A~  'B  represents  any  of  the  ionization  plus  shakeup  excitations,  i.t.  )a7'5»7**»i.  Ia7'lb;“ '2b;  or  Ia7’n-,R. 

*  n"  ’A  should  be  under  lined  for  the  case  la(  '2b:. 


for  the  sharp  shoulder  at  534  eV  in  the  PSD  D* 
yield  (i.e.  the  la7‘4a,  PSD  intensity  is  enhanced) 
and  the  larger  PSD  intensity  above  550  eV  com¬ 
pared.  the  TPY  spectrum.  The  ratio*  of  the  558  eV 
peak  intensity  to  the  536  eV  peak  intensity  in  the 
PSD  and  TPY  spectra  are  (/j5g//jjf  )PSD  *  0.7 
and  (/5js//j3<,)tpy  *  0-5.  These  ratios  are  qualita¬ 
tively  consistent  with  the  results  in  table  3. 

The  difference  between  the  PSD  and  TPY  spec¬ 
tra  below  540  eV  has  been  previously  attributed  to 
another  mechanism  [5).  This  mechanism  involves 
differences  in  broadening  of  the  virtual  orbitals 
depending  on  the  molecular  coordination.  In  this 
context,  the  PSD  spectrum  is  interpreted  as  reflect¬ 
ing  the  electronic  structure  of  surface  molecules,, 
which  may  be  expected  to  undergo  lower  coordi¬ 
nation  and  hence  reduced  broadening.  On  the 


other  hand,  the  TPY  spectrum  is  regarded  as 
reflecting  bulk-like  electronic  structure  and  hence 
greater  peak  broadening.  This  differential  virtual- 
orbital  broadening  mechanism  cannot  be  ruled  out 
here,  but  it  seems  doubtful  whether  this  mecha¬ 
nism  can  account  for  the  much  larger  peak  inten¬ 
sity  in  the  PSD  spectrum  around  532  eV.  and  it 
definitely  does  not  account  for  the  larger  intensity 
above  550  eV-,  The  differential  final  state  decay 
mechanism,  proposed  in  this  work,  accounts  for 
the  larger  PSD  intensity  in  both  energy  regions. 

The  conclusions  above  were  amved  at  tor 
H30(s).  Since  the  interaction  with  the  adsorbate 
for  molecularlv  chemisorbed  systems  is  relatively 
weak,  they  are  believed  to  be  appropriate  also  for 
these  systems,  although  no  experimental  core-level 
PSD  data  for  (H20)0/M  have  been  reported.  The 
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larger  relaxation  energy,  apparent  from  the  re¬ 
duced  It  and  3c  binding  energies  in  fig.  2,  sug¬ 
gests  a  stronger  interaction  between  OH  and  Ti. 
Indeed,  the  reduced  binding  energy  may  reflect  a 
metal  to  OH  charge  transfer  as  a  result  of  the 
valence  ionization.  A  large  charge  transfer  in  the 
Auger  final  state  may  substantially  reduce  U\  and 
drastically  reduce  the  OH  dissociation  cross  sec¬ 
tion.  This  effect  is  experimentally  observed  for 
chemisorbed  CO  and  NO  [73].  No  core-level  PSD 
data  are  available  for  OH/Ti. 

3.2.  Valence-level  excitation 

As  one  might  expect,  the  dissociation  of  H20(g) 
as  a  result  of  valence  excitation  has  been  exten¬ 
sively  studied  utilizing  a  variety  of  experimental 
techniques.  These  studies  include  dissociative  pho- 
toiomzation  of  H-0  [8.9,' 94).  dissociative  excita¬ 
tion  of  H-0  by  electron  impact  [75].  dissociative 
ionization  of  H  :0  by  electron  impact  [76],  dissoci¬ 
ation  as  a  result  of  He"  impact  at  near  thermal 
energies  [27].  ultraviolet  emission  in  0"-r  H-  reac¬ 
tive  scattering  [78],  and  (e,  2e)  and  (e.  e  +  ion) 
studies  [10],  These  data  complement  each  other, 
and  are  in  surprisingly  good  agreement.  Only  the 
more  recent  and  complete  (e,  2c)  and  (e,  e  +  ion) 
data  are  presented  in  fig.  5  [10].  The 

OHfA^’-X'n).  H(Balmer  0),  and  0(3p3P- 
3s  3S°)  emission  cross  sections  as  a  function  of 
electron-impact  energy  are  in  surprisingly  good 
agreement  with  the  data  in  Fig.  5,  which  indicates 
that  excitation  into  Rydberg  stated  produces  dis¬ 
sociation  via  a  mechanism  very  similar  to  that  for 
ionization  [75].  From  plots  of  the  appearance 
potentials  (AP)  of  H*  ions  as  a  function  of  their 
kinetic  energy  (KE),  Appel!  and  Dump  [76]  di¬ 
vided  the  H*  production  from  electron  impact 
into  six  ion  groups.  These  are  summarized  in  table 
4  and  compared  with  the  electron-coincidence  re¬ 
sults  from  fig.  5. 

Tne  assignments  of  Appell  and  Dump  were 
made  primarily  on  the  bash  of  a  correlation  dia¬ 
gram  [78]  such  as  that  in  fig.  6  and  the  H20* 
potential  curves  such  as  that  in  fig.  7a.  These 
indicate  the  excitation  energy  of  the  excited  states 
in  the  ground-state  Franck-Condon  region.  The 
excitation  probability  of  the  excited  states,  or  the 


Fig.  5.  (»)  PSD  H*  ion  vieM  for  HjO  on  Ti(OOl)  ai  90  K  as 
reported  in  ref.  [7],  The  H.O  apparently  iliinnuw  on  the  Ti 
turf  act  at  this  temperature,  (b)  Companion  of  the  PSD  H*-ion 
yield  for  molecular  H;0  os  GaAtfllO)  and  condensed  (solid) 
H;0  at  reported  in  refs.  (6.4J  respectively  (c)  Oscillator 
strengths  for  ion  production  (H*.  OH*  or  O*)  as  determined 
by  (e.  2e)  and  (e  e- ion)  data  [10).  The  OH*  and  O*  oscillator 
strengths  have  been  normalized  by  expemnen tally-determined 
fragmentation  ratios  H  */OH  *  and  H*/0*  respectively  for 
easy  companion  [10).  Tbe  normalized  (H  "/total  ions)  2a, 
branching  ratio  is  also  indicated  (10).  The  vertical  arrows 
indicate  the  lb-  and  2a,  binding  energies. 

probability  for  alternative  decay  of  these  excited 
states,  was  not  quantitatively  considered.  Further¬ 
more,  tbe  apparent  AP  energies  from  electron 
impact  are  consistently  smaller  than  those  ob¬ 
tained  from  the  coincidence  data  in  fig.  5.  Thu 
discrepancy  in  energy  is  believed  to  be  primarily 
responsible  for  tbe  difference  in  assignments  be¬ 
tween  Appell  and  Dump  and  those  preferred  here. 
Nevertheless,  the  importance  of  the  2b le  states  is 
realized  already  in  their  work. 

There  is  no  doubt  about  tbe  (Ibf1)  assign¬ 
ment  for  the  first  contribution  with  AP  in  the 
region  18-21  eV.  This  assignment  is  confirmed  by 
the  similarity  of  the  lb." 1  partial  oscillator  strength, 
and  the  OH"-  and  H*-ions  yields  in  this  region 
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Tabic  4 

Electron  impac:  and  (e.  2e  H.c.  e  +  ion)  results  (or  K*  production  from  Hs0 


Ion  group 
A-D*' 

K£(eV) 

range 

A  +  D  *' 

AP  (ev) 
range 

A  +  D*’ 

Preferred 

assignment 

A+D*> 

AP(eV) 
range, 
fig.  5 

K£  <eV) 

(e.  e-t-ion)*1 

Preferred 
assignment 
this  work 

1 

0-1.2 

1S.7-21 

16-21 

0.14 

(lb;-1)^ 

2-4 

0-4.0 

20.7-24 

lbr,3ar'R4a, 

21-25 

(lbr'3ar'4a,)JB, 

5 

4.0-7.0 

23.4-27.5 

(Ibf  ,3*714a,)aB, 

26-31 

(lbr:4a,)JA. 

6 

l.C-O*” 

27.0-3  U 

<)bj"  *3ai'  *4a,  )SB, 

31-36 

“C2a7')JA,' 

• 

or(lbrs4a,)JA, 

47-51 

double  tonuauon  * 

’  Appel)  and  Durup  ret.  [76). 

Enrhardt  observed  a  range  from  1-7  eV  for  this  contribution  [75). 
cl  Ref  1 10) 


(see  fig.  5)  [10].  The  dissociation  must  result  from 
a  predissociation  process,  since  the  (Ib2~')  :Bj 
potential  curve  itself  is  attractive  at  these  energies 
[79]  The  predissociauon  results  from  the  curve 
crossings  with  the  *(lbf ’3a7 '4a,)  lB,  and  4B, 
states,  which  correlate  with  the  OH(X2n)+H' 
and  OH*(X  fragments  respectively,  con¬ 


sistent  with  the  production  of  OH*  and  H*  ions 
(figs.  6  and  7).  A  curve  crossing  also  occurs  with 
an  4A2  state,  which  con  elates  to  G*(4SU)+  H; 
fragments  and  provides  for  O*  production:  how¬ 
ever,  little  O'  production  is  seen  in  this  region. 
This  is  apparently  because  this  curve  crossing  oc- 
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curs  far  from  the  FC  region  making  it  an  improba¬ 
ble  event  (30-37).  A  most  important  observation 
from  the  point  of  view  of  this  work  is  the  slow  rate 
()09  s*1)  of  the  predissociation  process  as  de¬ 
termined  from  theoretical  calculations  (80).  It  is 
many  orders  of  magnitude  less  than  the  rate 
(10I2-1013  s“ ')  for  direct  dissociation  from  a  rep¬ 
ulsive  potential  curve.  Nevertheless,  in  the  gas 
phase  where  no  other  decay  mechanisms  exist,  the 
process  occurs  with  high  probability.  This  is  not 
the  case  in  condensed  systems  as  will  become 
evident  below. 

The  H"  contributions  with  AP  equal  to  21-25 
eV  and  26-31  eV  in  fig.  5  are  assigned  here  to  the 
(lb“'3a7'4a,)  2B,:nd  (lb,_I4a,)  2A,  2hle  states. 
These  fwo  states  are  tbe.se  in  table  1  with  an 
excitation  energy  significantly  below  the  2a 7 1  state, 
as  discussed  in  section  2.  Whereas  the  AP  (fig.  2) 
and  the  binding  energy  (table  1)  for  the  lb7:4a, 
state  align  properly  the  binding  energy  of  the 
(Ib7'3a7‘4a,)  2B,  151316;'  estimated  to  be  around 
2&  eV  from  the  SCF  calculations  of  Leclerc  et  al. 
(49).  is  significantly  above  the  21-25  eV  AP.  This 
fact  lead  Appel  and  Dump  to  suggest  the  involve¬ 
ment  of  the  Rydberg  states,  lb7  *3a7 ‘4a,R,  con¬ 
verging  to  this  same  ionic  state  (76).  However,  the 
calculations  of  Leclerc  et  al.  do  not  include^,  elec¬ 
tron-correlation  effects,  which  might  lower  the 
binding  energy  of  the  ionic  state  by  2  or  3  eV  (49). 
The  (lb J-  ’3a7  *4a , )  2B,  state  does  correlate  to  the 
proper  H‘-OH(X2li)  and  0*(2D)  +  H2  frag¬ 
ments.  providing  a  direct  mechanism  for  the  ob¬ 
served  O*  and  H*  ions  in  this  regidh.  The  relative 
magnitudes  of  the  21-25  and  26-31  eV  H*  contri¬ 
butions  are  also  consistent  with  these  two  assign¬ 
ments.  Nevertheless,  until  further  calculations  are 
reported,  the  2B,  assignment  will  remain  some¬ 
what  uncertain. 

The  H*  contribution  with  AP  of  31-36  eV  (fig. 
2)  is  assigned  to  the  (“2a7'”)  JA,  state  consistent 
with  the  32  eV  binding  energy  of  this  state  (fig.  2). 
Fig.  5  also  compares  the  2a,  CIS  photoelectron 
yield  with  the  O*  yield  above  35  eV  (10).  They  are 
both  in  good  agreement  with  the  H  *  yield  between 
32  and  57  eV  confirming  this  assignment.  Al¬ 
though  Appell  and  Durup  (76)  mentioned  the  2a  7 1 
state  as  a  source  for  their  ion  group  6.  it  was  ruled 
out  on  the  basis  of  their  observed  AP  of  27-31.5 


eV,  which  is  4  eV  below  the  value  determined  from 
the  coincidence  data  in  fig.  5.  It  must  also  be 
mentioned  here  again  that  the  2a 7 1  configuration 
mixes  heavily  with  many  2hle  configuiations  (ta¬ 
ble  1  and  fig.  2),  so  that  here  the  entire  group  of 
states  is  referred  to  as  the  “2a71’'  spectroscopic 
state. 

Finally,  the  appearance  of  an  additional  H~ 
contribution  with  AP  around  47-51  eV  has-been 
observed  only  in  the  coincidence  data.  It  has  been 
attributed  to  dissociative  double  ionization  [10]  (or 
ionization  plus  shakeoff). _ 

Comparison  of  the  ion-vield  spectra  for  H-0(s) 
(4).  (H;0)m/GaAs  (6),  aid  (H20)d/Ti  (7).  with 
that  for  H20(g),  reveals  some  dramatic  dif¬ 
ferences.  Most  important,  primarily  H*  ions  are 
observed  from  these  condensed-phase  systems. 
Very  little  OH*,  O*,  or  even  H20*  (e.g. 
H20*/H*<  1000)  is  seen  [7],  although  H*(H20)„ 
cluster  ions  have  been  observed  at  higher  tempera¬ 
tures  (e.g.  clusters  of  from  1  to  9  water  molecules 
have  been  observed  from  H20(s)  at  193  K)  (83). 
The  latter  phenomenon  has  been  interpreted  in 
terms  of  H20  clustering  about  an  energetic  H* 
ion*.  Presumably  the  escape  probability  of  these 
very  heavy  H~(H20)„  ions  is  negligible  at  lower 
temperatures  because  of  an  increased  potential 
barrier.  This  may  arise  from  an  observed  decrease 
in  the  conductivity  and  increased  negative  surface 
charging  of  the  ice  surface  [83].  The  near  lack  of 
OH*  and  O*  ions  from  all  of  the  condensed 
systems  is  believed  to  arise  from  the  large  competi¬ 
tive  excited-sutc  decay  rates,  which  decease  the 
escape  probability  of  the  heavier  (relative  to  H~) 
ions  [2].  These  decay  phenomena  arise  from  uuer- 
molecular  covalent  bonding  interactions  (i.e.  ad¬ 
sorbate-substrate  or  H-bonding  interactions), 
which  allow  inter-molecular  charge  transfer  such  as 
resonant  charge  transfer  or  one  and  two  hole 
bopping  (reneutralization)  (1-3).  The  latter  is  con¬ 
sistent  with  an  isotope  effect  observed  m  several 
systems  (84). 

Fig.  5  compares  the  H  *  ion-yield  spectra  for  the 
condensed  phases  with  that  for  H;0(g).  The  ab¬ 
sence  of  the  lb."’  contribution  in  all  three  con¬ 
densed  phases  is  most  conspicuous.  This  anses 
because  of  the  slow  lb." 1  predissociation  Tate  (80) 
(«  109  s"1)  compared  with  the  intermolecular  de- 
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cay  rales  [3]  (*  10i:  s-1)  mentioned  above.  The 
ions  yields  for  (H20)m/GaAs  and  H20(s)  have 
not  been  reponed  for  energies  above  30  and  35  eV 
respectively,  thus  contributions  above  these  en¬ 
ergies  (e.g.  from  the  2h  states)  cannot  be  ruled  out. 
Nevertheless  it  seems  that  the  “2aj" contribution 
with  threshold  at  «  32  eV  does  not  appear  in  the 
condensed  phases  except  possibly  for  (H20)d/Ti. 
This  may  occur  because  of  the  absence  of  H 
bonding  in  the  latter  system  for  less  than 
monolayer  coverages,  although  other  interpreta¬ 
tions  are  discussed  below.  For  (HjO)m/GaAs  and 
H-O(s).  the  broadening  of  the  a,  bands  (as  in¬ 
dicated  in  section  2)  increases  the  “2a7‘”  width, 
and  hence  the  intermolecular  bopping  rate.  The 
2hle  contributions  at  24  and  31  eV  appear  in  all 
three  condensed  phases.  Apparently  the  inter¬ 
molecular  hopping  rates  are  not  as  large  in  these 
three  panicle  states  [3].  Some  reduction  in  the 
H"-ion  yield  from  these  2hle  states  is  apparent 
however,  particularly  for  small  coverages  on  metal 
surfaces  [7.39]. 

4.  Discussion 

4.L  The  H20(s)  and  (H:0)m/GaAs  ion  yields 

Several  items  should  be  mentioned  concerning 
the  spectral  line  shapes  of  the  ion  yields.  First,  the 
fine  structure  seen  in  the  2hle  contributions  of  the 
H;0(s)  and  (H-Oj^GaAs  ion  yield  spectra  is 
apparently  real  i.e.  it  is  TepTodudbre.  Its  source  is 
not  clear.  The  structure  between  21  and  24  eV  in 
the  (H;0)m/GaAs  spectrum  is  similar  to  that 
observed  in  the  secondary  electron  yield  (SE  yield) 
and  in  the  reflectance  spectrum  from  ^jaAs(l  10) 
[6].  These  latter  spectra  are  believed  to  mirror  the 
density  of  states  of  the  conduction  band  (CB)  in 
bulk  GaAs,  since  the  spectra  are  interpreted  as 
arising  from  Ga3d3/2,J/2  -*  CB  transitions  [6]. 
From  this  information.  Thornton  et.  al.  [6]  con¬ 
cluded  that  the  H*  ions  arise  not  from  intramolec¬ 
ular  2hle  excitations  in  the  H-0  molecule,  but 
from  an  Auger-tvpe  mechanism  involving  the 
Ga3d3/.;.;,.  substrate  core  levels.  They  also  in¬ 
dicated  dissociative  adsorption  of  H20  on 
GaAsf  1 10).  forming  Go-H  bonds.  This  was  neces¬ 


sary  to  explain  the  H*  desorption  as  a  result  of  the 
Ga  core-level  excitation  indicated  above.  Three 
facts  argue  against  this  interpretation:  (1)  two 
additional  peaks  at  hv  —  19.3  and  1 9.8  eV  in  the 
SE  yield  have  been  atributed  to  Ga3d3/2,}/2  -* 
surface  exdton  transitions;  these  peaks  are  not 
present  in  the  H*  yield  spectrum  [6],  (2)  the  UPS 
spectrum  indicates  the  H20  is  not  dissociated  (sec¬ 
tion  2),  and  (3)  the  similarity  of  the  fine  structure 
in  the  H20(s)  and  (H20)m/GaAs  H’-ion  yields 
indicates  the  fine  structure  arises  from  a  source 
other  than  the  GaAs  conduction  band  states.  Since 
this  fine  structure  is  apparently  absent  in  H20(g). 
it  may  arise  in  the  condensed  phases  from  the 
intermolecular  H  bonding  (i.e.  reflecting  the  H-0 
“conduction  band"  states). 

4.2.  The  (HjOjj/  Ti  ion  yield 

The  similarity  between  the  H  “-yield  thresholds 
from  (H20)d/Ti  and  from  the  molecular  H20 
systems  is  perhaps  surprising  in  light  of  the  UPS 
spectra  which  showed  relatively  large  differences. 
The  potential  curves  for  H-O  and  OH  are  very 
similar  however,  as  compared  in  fig.  7.  Note  that 
the  curves  for  OH  are  given  rather  than  for  OH* 
[85],  This  allows  a  more  direct  comparison  be¬ 
tween  the  curves,  since  both  systems  contain  a 
single  valence  hole  and  hence  have  the  same  multi- 
plet  states.  OH  is  also  more  appropriate  than 
OH*,  since  some  charge  transfer  from  the  ab- 
sorbate  probably  occurs  in  the  case  of  OH/M.  In 
any  event,  the  OH  valence  orbitals  of  the  OH/Ti 
system  are  fully  occupied  like  in  OH 

The  H20  curves  in  fig.  7  are  obtained  from 
LCAO  MO  SCF  calculations  [49]:  they  compare 
favorably  with  more  limited  but  more  accurate 
results  for  H20  in  the  literature  [86-92).  The  OH 
curves  are  obtained  from  AO  Cl  results  [93);  they 
also  compare  semi-quantiatively  with  more  limited 
but  comparable  results  for  OH  [94-96).  The  exci¬ 
tation  energies  of  these  potential  curves  have  been 
scaled  so  that  the(lb,-1)  :A“  and  (It-1)  :U  states 
agree  with  the  experimental  first  ionization  poten¬ 
tials  in  H20  and  OH/Ti  respectively  (fig.  2). 
Potential  curves  for  either  the  (2a)- 1 )  :A  state  in 
H20  or  the  (2o-1)  in  OH  are  not  available, 
and  only  the  experimental  energy  m  the  ground- 
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state  FC  region  is  given  in  each  case  (fig.  2).  All  of 
the  2hle  states  are  repulsive  in  each  case,  indicat¬ 
ing  their  possible  effectiveness  in  dissociation.  The 
(lb ~ ‘4a,)  2  A"  sute  in  H-0  has  an  excitation 
energy  of  *  27-28  eV  in  the  FC  region,  which  is 
consistent  with  fig.  5.  The  (lbf  '3a 7  '4a  i)  :A"  and 
*A'  potential  curves  lie  below  the  (lb,-  a4a , )  2 A" 
curve  in  the  FC  region,  which  is  also  consistent 
with  fig.  5.  According  to, fig.  7.  the  1t“24o  poten¬ 
tial  curves  have  energies  just  below  20  eV  in  the 
FC  region,  which  is  lower  than  that  indicated  in 
fig.  5a:  however,  the  strong  bonding  of  the  OH 
with  the  Ti  is  not  accounted  for  in  these  gas-phase 
potential  curves.  Note  that  the  (lb"24a,)  2 A  and 
(lb-  ‘ 3a 7  *4a , )  states  of  H20  merge  into  the 
(1t-:4o)  states  of  OH,  thus  only  one  2b  3  e  contri¬ 
bution  is  expected  for  OH/Ti  as  observed. 

The  similarity  of  the  PSD  ion  yield  thresholds 
and  relative  peak  intensities  from  OH/Ti  and 
H:0(g)  provide  a  strong  argument  for  the  )t"24c 
and  "2c"1"  assignments  with  thresholds  at  «  23 
and  **  33  eV  respectively.  However,  the  difference 
above  3?  eV  in  the  ion-yield  spectral  lineshape 
from  these  two  systems  cannot  be  ignored.  Indeed, 
the  H"-ion  yield  profile  from  OH/Ti  above  35  eV 
is  remarkably  similar  to  the  O  "-ion  yield  from 
Oj/Ti  and  the  SE  yield  spectrum  from  Ti  [97). 
Based  on  this  comparison,  Stockbauer  et  al.  [7] 
attributed  the  H"  yield  above  33  eV  to  an  Auger 
mechanism  involving  the  Ti  3p  core  level,  and 
assigned  that  around  23  eV  to  the  Auger  mecha¬ 
nism  involving  the  2o  level.  Their  assignments  are 
supported  by  Weng  and  Kammerer  [97]  who  found 
similar  ESD  H'-ion  yield  thresholds  from  a  mix¬ 
ture  of  H:  and  H-O  adsorbed  on  O  contaminated 
Nb(100)  and  Ta(110).  In  Jai6  work,  two  thresholds 
were  also  found,  one  at  «  22  eV  yielding  2  eV  H  * 
ions  and  attributed  to  the  0(2s)  core  level;  the 
other  at  28  (31)  eV  giving  6  (4)  eV  ions  and 
attributed  to  the  Ta  4f  (Nb  4p)  core  level  at  25 
(33)  e\\  In  contrast  to  Stockbauer  et  al.  [7]  Weng 
and  Kammerer  suggested  that  the  28  (31)  eV 
threshold  may  result  from  H-M  bonds  rather  than 
from  OH  species. 

Support  for  the  l*-2  4c  and  “2o" 1  ”  assign¬ 
ments.  on  the  other  band,  can  be  obtained  from 
other  data.  The  PSD  H*-ion  yield  from  (H:0)„/Ti 
is  similar  in  many  respects  to  the  0"-ion  yield 


from  CO/Ru  [97).  In  CO/Ru,  the  initial  O* 
threshold  occurs  around  22  eV  and  is  attributed  to 
the  5o“26o  state,  followed  by  a  much  larger  con¬ 
tribution  at  29  eV  attributed  to  the  “So'1"  sute 
[1J.  The  5o'26o  and  “3c"1”  states  in  Co  are 
directly  comparable  to  the  1t"24o  and  “2c" 1 “ 
states  in  OH.  No  Ru-core  levels  exist  around  29 
eV,  so  no  uncertainty  exists  as  to  the  “3 o"1” 
assignment  for  CO/Ru  [1).  The  ESD  of  HZ.  ions 
from  “SiOH”  also  revealed  thresholds  at  20  and 
33  eV  [99),  where  again  no  Si-core  levels  exist,  yet 
these  two  thresholds  are  comparable  to  those  found 
for  OH  on  Ti,  Nb  and  Ta.  The  similarity  of  the 
H~  threshold  energies,  in  spite  of  the  changing 
Ti,  Nb,  and  Ta  core-level  energies  in  this  region, 
also  suggests  that  the  core  levels  are  not  involved 
here.  Finally,  the  H  *-ion  kinetic  energies  obtained 
from  OH  on  Ti,  Nb,  and  Ta,  which  are  dominated 
by  the  contribution  with  threshold  at  28-33  eV, 
have  a  broad  distribution  extending  from  0  to  7-9 
eV  and  peaks  around  3.5-6  eV  [98,7).  This  is 
similar  to  that  obtained  from  dissociation  of 
H20(g),  where  the  dominant  contribution  defi¬ 
nitely  arises  from  the  “2a  7 1  ”  final  state  [76). 

The  similarity  of  the  H  *  spectral  lineshape  from 
OH/Ti  above  33  eV  to  both  the  O  "-ion  yield  from 
Oj/Ti  and  the  SE  yield  spectrum  from  Ti  provides 
a  strong  argument  for  the  0(2s)  and  Ti(3p)  assign¬ 
ments  [97).  Furthermore,  the  desorption  thresholds 
at  22  and  33  eV  align  nicely  with  the  0(2s)  and 
Ti(3p)  binding  energies  (relative  to  the  Fermi  en- 
ergy)  [7,97).  How  can  these  facts  be  accounted  for 
consistently  within  the  It"2  4o  and  “2o"'“  as¬ 
signments  suggested  in  this  work?  Consider  Erst 
the  “2c" binding  energy  question.  Relative  to 
the  Fermi  level,  sit.  ‘  zc"'”  binding  energy  falls 
around  24  eV,  much  closer  to  the  23  eV  threshold 
than  the  33  eV  threshold.  But  in  H:0(g).  the 
“2*7'”  binding  energy  is  around  32  eV  relative  to 
the  vacuum.  This  difference  is  due  of  course  to  an 
*=  5  eV  work  function  and  an  *  2-3  eV  relaxation 
shift.  It  is  important  to  realize  however  that  the 
“2c"1''  photoionization  spectral  profile  does  not 
shift  accordingly  To  first  approximation,  the  pres¬ 
ence  of  the  Ti  substrate  merely  allows  ionization  to 
occur  at  a  lower  energy;  its  ionization  threshold  is 
shifted  (e.g.  in  fig.  4d,  the  la,  ionization  threshold 
indicated  by  the  hatched  line  merely  shifts  to 
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lower  energy  on  the  same  spectral  liseshape).  Thus 
excitations  from  the  0(2$)  orbital  to  the  Rydberg 
or  virtual  orbitals,  which  in  H:0(g)  may  result  in 
neutral  dissociation  (H  +  OH)  or  no  dissociation 
(50).  now  results  in  ionization  which  may  yield  H* 
desorption.  This  suggests  the  possibility  that  the 
22  eV  contribution  in  fig.  5a  may  result  from  lhle 
states  (e.g.  2o-1  4c  states)  rather  than  the  2hle 
states:  however,  this  is  pnlikcly  because  calcula¬ 
tions  in  H20(g)  indicate  that  the  2a  ~ 1  excitation  is 
unique  in  this  instance  [50].  The  Rydberg  and 
virtual -orbital  excitations  from  the  2a  7 1  are  much 
weaker  than  from  the  upper  valence  or  la,  orbital 
(i.e.  peaks  1-4  in  fig.  4d  are  an  order  of  magnitude 
smaller  in  the  2a  7’  photoionization  cross  section) 
[50].  This  suggests  that  although  the  “2c"1”  O"- 
ion  yield  may  extend  down  to  22  eV,  it  decreases 
uniformly  with  decreasing  energy  in  the  22-33  eV 
region,  with  the  peak  at  30  eV  arising  from  the 
2hle  states. 

In  addition  to  the  shift  in  ionization  threshold, 
the  presence  of  the  Ti  may  alter  the  “2o“ 1 " 
photoionoation  lines hape.  Calculations  [50]  and 
experiment  (fig.  5c)  for  H-0(g)  indicate  that  the 
broad  and  unstructured  (2a7 ')  2A,  photoioniza- 
lion  profile  is  generally  O  2s  —  kp  like  with  the  H 
atoms  having  little  effect.  However,  strong  O-Ti 
interactions  may  alter  the  “2c_l”  profile  by  the 
introduction  of  a  resonance,  or  other  structure, 
making  it  appear  more  like  the  SE  yield  from  U' 
and  O*  yield  from  Oj/Ti,  since  all  three  under 
these  circumstances  mirror  the  final  density  of 
states  of  the  Ti-O  (or  Ti-OH)  system.  Finally,  the 
Ti  to  OH  charge  transfer  which  occurs  upon  ioni¬ 
zation  of  OH  (section  2),  may  introduce  large 
shakeup  transitions  similar  to  those  discussed  in 
section  3  for  the  O  K  level  in  H:0(g).  This  would 
have  the  effect  of  increasing  the  ion-desorption 
yield  *  20  eV  above  threshold  as  discussed  in 
section  3.  and  thus  may  also  contribute  to  the  peak 
around  40  eV  in  the  OH/Ti  PSD  H  *  yield. 

It  seems  clear  the  further  work  is  required  to  be 
definite  on  the  assignments  of  the  two  H*-ion 
yield  peaks  from  (H-O^/Ti.  If  indeed  the  Ti  core 
level  is  involved  in  the  H*-ion  vield,  it  would  be 

o  m 

most  interesting.  The  PSD  H  *-ion  yield  is  ob¬ 
tained  only  in  the  presence  of  OH  (i.e.  H/Ti  or 
H/Ti  -  coadsorbed  O  does  not  give  a  PSD  H* 


yield  [7J.  yet  to  date  no  other  instance  is  reported 
where  desorption  of  a  fragment  ion  arises  iiom  the 
excitation  of  an  atom  which  is  not  bonded  to  or 
pan  of  the  desorbing  fragment  [7],  Nevertheless, 
this  mechanism  cannot  be  ruled  out  on  this  basis. 
Indeed,  both  the  0(2$)  and  Ti(3p)  excitations  could 
both  be  partially  responsible  for  the  larger  H* 
contribution  above  33  eV.  This  work  assumes  the 
2hle  and  “2o~ 1  *’  assignment  for  the  reasons. indi¬ 
cated  above. 

$.3.  The  “2a~ 1  "desorption  mechanism 

In  the  context  of  discussing  the  “2a  7'”  (or 
“2o~ 1 ")  ion  contribution  [us  presence  is  indicated 
in  either  assignment  above  and  it  definitely  arises 
in  H:0(g)),  the  “2a7'”  desorption  or  dissociation 
mechanism  should  be  discussed.  The  lbf1  state 
predissodates,  the  2hle  states  are  clearly  repulsive, 
but  the  desorption  mechanism  of  the  2a  7 1  state  is 
not  cfc^r.  It  was  indicated  in  section  2  that  the 
2a  7’  state  contributes  only  *20%  to  the  total 
H-0  bond  energy,  and  that  generally  it  is  char¬ 
acterized  as  a  core  orbital.  Definitely  the  2a  7 1 
potential  curve  is  not  repulsive,  but  it  may  be 
shifted  sufficiently  so  that  a  FC  excitation  from 
the  ground  state  results  in  an  excitation  energy 
above  the  2a  7 1  dissociation  limit  (the  MGR  mech¬ 
anism).  As  indicated  above,  the  theoretical  2a  7 1 
potential  curve  is  not  available  in  the  literature. 

The  strong  mixing  with  the  more  repulsive  2hle 
states,  which  occurs  in  a  full  Cl  calculation,  may 
be  much  more  instrumental  in  bringing  about  the 
“237’”  H+  contribution.  In  particular,  the  highly 
repulsive  3a724a,  state  is  the  nearest  in  energy  to 
the  2a  7 1  configuration  and  undergoes  the  heaviest 
mixing.  Let  us  assume  for  the  purpose  of  this 
discussion  that  these  are  the  only  two  states  in¬ 
volved.  thus 

*  Ar(2a7*  +  c3a724a, ). 

4-2-//(c2a7’  -  3a  724a,). 

When  c  equals  zero,  neither  state  4*,  nor  y-  results 
in  desorption  because  y,  roust  then  produce  de¬ 
sorption  via  the  MGR  mechanism  which  we  as¬ 
sume  is  not  active,  and  y;  is  not  excited  because 
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the  3a7:4a,  photoexcitation  cross  section  is  zero. 
As  c  increases,  v,  becomes  more  repulsive  and  4-2 
gains  an  increased  excitation  yield.  As  c  ap¬ 
proaches  one.  both  y,  and  y2  may  produce  desorp¬ 
tion  almost  equally.  Thus  Cl  mixing  is  very  instru¬ 
mental  in  the  desorption  process  with  the  dissoci¬ 
ation  mechanism  a  2hle  process  and  the  excitation 
mechanism  a  2a  7'  one-electron  excitation.  In  this 
picture  the  *‘2a7 1 ”  contribution  is  really  a  3a  7  J4a, 
2hle  contribution  like  the  other  2hle  contri¬ 
butions.  Hydrogen  bonding  apparently  broadens 
all  a,  orbitals  [26-27]  so  that  the  3a7J4a,  and  2a 7 1 
states,  and  mixtures  of  them,  become  sufficiently 
short  lived  to  abort  the  desorption  process.  The 
3a 7  'lb,-  '4a ,  and  lb724a,  2hle  states  involve  only 
one  or  no  holes  in  the  3a,  orbital,  so  hydros 
bonding  does  not  affect  these  states  as  dramati¬ 
cally. 

At  least  three  other  desorption  mechanisms  have 
been  suggested  for  Ibe  “2a7'”  contribution.  As¬ 
suming  the  2a  7’  state  is  core-like.  Auger  decay 
might  be  expected  to  result  in  H*  desorption 
similar  teethe  KF  type 'mechanism  [7],  However, 
the  2a 7'  state  does  not  have  sufficient  energy  for 
Auger  decay  since  the  lowest  2h  state  has  a  larger 
excitation  energy  [  100].  Laramore  [66]  theoretically 
estimates  the  lowest  2h  state  (3a7 Mb]“ 1 )  to  have 
an  energy  =  5  eV  above  the  2a  7  ’,  the  large  energy 
resulting  from  a  *  10  eV  hole-hole  repulsion,  U*. 
The  coincidence  data  in  fig.  5  also  indicate  that  2h 
contributions  appear  significantly  above  the  2a 7  1 
energy  [10].  Recently.  Laramore  [66]  suggested  a 
resonant  Auger-type  process  migbr  occur  to  the 
3a 7 ‘4a,  state,  which  then  dissociates.  Laramore 
suggests  this  state  lies  1.4  eV  below  the  2a7 1  state; 
this  can  be  compared  with  the  Cl  results  in  table  1, 
which  indicates  a  value  snore  Ulce  4— 5-eV.  In  an}' 
event,  the  excess  energy  of  the  2a  7 1  state  must  be 
absorbed  by  the  non-electronic  degrees  of  free¬ 
dom.  such  as  vibration  and  rotation,  if  the  reso¬ 
nant  Auger  process  is  to  occur.  Finally,  an  essen¬ 
tially  identical  mechanism  to  the  2b  le  Cl  mixing 
mechanism  has  been  proposed  by  Melius  et  al 
[101]  but  discussed  in  the  language  of  predissocia- 
jion.  In  this  context,  the  many  2hle  states  above 
the  2a  7  1  state  in  the  FC  region  may  enter,  since 
the  2hle  states  are  generally  more  repulsive  than 
the  2a7'  state.  It  follows  that  the  2hle  potential 


curves  probably  cross  the  2a 7 1  curve  at  larger 
intemuclear  separation,  allowing  for  the  predis¬ 
sociation  via  an  internal  conversion  process. 

Which  of  the  five  described  mechanisms  seems 
most  feasible  at  this  point?  The  MGR  mechanism 
is  not  considered  feasible.  The  normal  Auger 
mechanism  is  eliminated  from  consideration  by 
the  energy  arguments  above.  The  resonant  Auger, 
the  Cl  mixing,  and  the  predissociation  mechanism 
all  involve  the  2b le  states,  however  the  mecha¬ 
nisms  for  excitation  of  the  2hle  -states  are  differ¬ 
ent.  The  resonant  Auger  and  predissodation 
mechanisms  involve  the  nuclear  degrees  of  free¬ 
dom  such  as  vibration  and  rotation  to  produce  a 
“  resonant”  process  (i.e.  to  either  absorb  an  excess 
kinetic  energy  or  produce  the  curve  crossing).  The 
fusion  of  the  nuclear  degrees  of  freedom  suggests 
relatively  slow  processes  with  rates  of  the  order  of 
the  desorption  process  itself.  The  Cl  mixing  pro¬ 
cess  is  instantaneous,  and  is  therefore  reflected  in 
the  XPS  ” sudden”  limit  for  shakeup.  It  is  impossi¬ 
ble  at  this  point  to  determine  that  one  mechanism 
is  dominant  over  the  other,  but  it  is  clear  that  the 
Cl  mixing  mechanism  is  responsible  for  the 
3a71lb7'4a,  and  lb724a,  contributions  at  22  eV, 
since  they  are  reflected  by  the  shakeup  satellites. 
Therefore,  it  does  not  seem  necessary  at  this  point 
to  invoke  another  mechanism  for  the  “2a  7 1  ”  con¬ 
tribution. 


5.  Summary  and  conclusions 

The  results  of  this  work  can  best  be  summarized 
by  fig.  8.  It  indicates  the  branching  and  fragmen¬ 
tation  patterns  for  H:0  in  the  various  phases 
studied,  and  assumes  the  “2o_l”  contribution  as 
discussed  above  for  OH/Ti.  Quantitative  fragmen¬ 
tation  ratios  for  H-O(g),  as  obtained  from  electron 
coincidence  experiments  [10]  are  also  indicated. 

The  following  conclusions  can  be  drawn  from 
this  w^'L 

(1)  The  lbj” 1  state,  which  fragments  HjO(g)  via 
a  predissociation  mechanism,  is  not  effective  in  the 
condensed  systems  because  of  faster  intermolecu- 
lar  decay  mechanisms  for  the  lb:-’  state. 

(2)  Excitation  of  the  “  2a 7 1  ”  state  produces  a 
large  H~  contribution  in  H2Q(g)  and  perhaps  the 
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Fig.  S.  Summars  of  PSD  result;  for  H  :0(g),  H  -0(s).  and 
molecular);  chemisorbed  and  dissodated  HjO  on  metals  (e-g. 
OH  on  Ti  assuming  the  contribution  above  32  eV  arises  via  the 
“20"  1 "  excitation).  The  various  excited  states  are  indicated  in 
order  of  increasing  esdtation  energy  .  For  H;0(g),  the  expeh- 
menial  fragmenution  ratios  are  indicated  1 10].  Dotted  lines 
indicate  small  contributions  (i.e.  small  branching  or  fragmenta¬ 
tion  ratios)  Oi:Oi;  or  (M-OH)*  indicate  no  desorption. 


"2tf-1”  for  OH/M,  but  the  actual  desorption 
mechanism  is  not  clear.  Hydrogen  bonding 
eliminates  the  ‘‘237'”  contribution  in  H.O(s)  or 
H;0/M  by  again  providing  an  increased  inter- 
molecular  hole  hopping  rate. 

(3)  Tne  2hie  mechanism  is  the  only  active 
mechanism  in  the  condensed  hydrogen-bonded 
systems,  however  evidence  does  exist  indicating 
that  the  absorbate-substrate  itneractions  may  also 


hole  Auger  decay,  or  by  Cl  mixing,  occupation  of 
the  4a ,  antibonding  virtual  orbital  (i.e.  le  -  4a, )  is 
critical  to  the  desorption  process. 

Comparison  of  these  results  for  H-0  with  pre¬ 
vious  results  for  CO  reveals  they  are  surprisingly 
similar  (1-3).  The  following  correlations  can  be 
made. 

(1)  The  active  2hle  states,  lb7*4a,  and 
3a7llb714a),  in  H20  are  comparable  to  the  5o": 
60  state  in  CO. 

(2)  The  2a7 1  state  in  H:0  is  comparable  to  the 
3c  state  in  CO.  In  the  gas  phases  both  produce 
large  ion  yields  (H*/H20  or  0*/C0)  but  mix  in 
heavily  with  the  2hle  states. 

(3)  The  4a,  orbital  in  H20  is  comparable  to  the 
60  orbital  in  CO;  however  here  an  important 
difference  arises.  The  60  orbital  is  so  antibonding 
it  lies  above  the  continuum  threshold,  while  the 
4a,  orbital  although  antibonding  lies  well  below 
the  continuum.  Thus  resonant  decay  is  not  im¬ 
portant  in  H20. 

(4)  Core-level  PSD  occurs  via  the  Auger  pro¬ 
cess  in  both  the  gas  and  solid  phases  of  CO  and 
HjO.  However,  here  the  chemisorbed  CO  data  toe 
used  to  predict  results  for  chemisorbed  H20,  since 
experimental  data  are  not  available  in  the  litera¬ 
ture.  CO  and  OH  are  expected  to  behave  similarly, 
both  allowing  substrate  charge  transfer  to  reduce 
CP  and  reduce  the  desorption  cross  section.  How¬ 
ever,  this  reduction  is  expected  to  be  much  less 
dramatic  in  OH  since  no  empty  n  orbital  exists 
just  above  the  Fermi  level  as  in  CO.  In  molecular) y 
chemisorbed  HzO,  this  charge  transfer  is  not  be¬ 
lieved  to  be  effective  so  that  large  core-level  PSD 
is  expected. 

The  results  obtained  for  H20  can  be  gener¬ 
alized  and  extended  to  other  systems.  For  exam¬ 
ple,  H2S  is  expected  to  behave  in  a  manner  similar 
to  H:0,  indeed  the  H2S  data  which  is  available 
indicates  the  presence  of  the  same  2hle  type  satel¬ 
lites  is  the  pbotoemission  or  (e.  2e)  data  [102]. 
Application  to  various  alcohols,  such  as  CH-.OH 
and  C^HjOH,  is  also  feasible  with  certain  modifi¬ 
cations.  Such  studies  are  underway. 
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